where Wp is the plasma frequency, proportional to the square root of the density, given by Eq. 3.7. The quantity 1 is a function of j3and is defined as the root of the equation 1 -j32( (i/) = 0.
(6.2)
It can be shown that, in the limit 13-+ 1, When this result is inserted into the stopping-power equations, Eqs. 2.9 or 2.16, the mean excitation energy, I, disappears from the final result. Thus, in the limit of very high energies, the stopping power depends on the properties of the medium only through the plasma energy hWp, and, therefore, only on the density and the ratio Z/A. In the solution of Eq. 6.2, a difference arises between conducting and nonconducting media. For conductors, the dielectric-response function is such that the equation has a root for any value of j3. The density effect is then present, though small, even at arbitrarily low energies. For insulators, however, a root exists only 32 above a minimum value of 4J = [dO)]-1/2, which is a property of the material, and there is no density effect for 13< 4J.
The most accurate method of evaluating the density-effect correction is to use semi-empirical dielectric-response functions in Eqs. 6.1 and 6.2. This has recently been done by Inokuti and Smith (1982) for aluminum, and by Ashley (1982b) for water. Reliable and complete dielectric-response functions for other materials are scarce, and, in general, one must rely on Sternheimer's method, which-although more approximate-will be shown below to give results in very good agreement with those of Inokuti and Smith and of Ashley.
Sternheimer's Model
As discussed by Fano (1963), Sternheimer's model can be related to Eqs. 6.1 and 6.2 as follows. In Eq. 6.1 one
is the longitudinal polarizability expressed in terms of the energy levels EnL of single atoms and the corresponding oscillator strengths f nL. In the limit in which the damping constant n -+ 0, the resulting expression for obecomes Dmax 0= L fndn[l + (hl)2/E~d -(l/w p )2(1 -13 2 ). (6.5) n=l In Eq. 6.2, one sets dil) = 1 + ar(il), where ar(il) is the transverse polarizability at w = il and is given by an expression similar to Eq. 6.4 but with different energy levels, EnT, oscillator strengths, f nT, and damping term, 'YT. In the limit 'YT -+ 0, Eq. 6.2 is then transformed into
The following approximations are now made: a. The distinction between the longitudinal and transverse oscillator strengths, f nL and f nT, is disregarded, and both are approximated by f no the fraction of electrons in the n'th atomic shell. b. The energy levels are assumed to be 7) where the En's are atomic energy levels. The quantity ,uSt is the Sternheimer factor and is given a value such that the equation nfx f n InLifst E~ + f n(hWp)2] 112 = InI (6.9) n=l is satisfied. The dielectric model is then consistent with the mean excitation energy, I, (as known from experimental data), and the density-effect correction, 0, calculated according to Eq. 6.5 goes into the correct asymptotic limit, Eq. 6.3, for very high particle energies. The values of ,uSt typically range from 1.5 to 2.5.
For conductors, the electrons in the outermost shell, n = n max , are considered to be conduction electrons, and the corresponding binding energy En max is set equal to zero. This has the consequence that Eq. 6.6 has a solution for arbitrarily small values of;J. For insulators, on the other hand, Eq. 6.6 has a solution only for velocities greater than 1% given by 1 nmax fn --1 = I:
As a final refinement, which makes little difference except for liquid H 2 , a Lorentz-Lorenz correction is applied (Sternheimer, 1952) , through the replacement of f n(hWp)2 in Eqs. 6.8 and 6.9 by Ani n(hWp)2, where Anmax = 1 for conductors, and An = 2/3 in all other cases.
Numerical Evaluation
The evaluation is done by first solving Eq. 6.9 for ,uSb then Eq. 6.6 for I as a function of jJ, and substituting the value of I into Eq. 6.5. Such calculations using I -values current at the time, were carried out by Sternheimer (1952, 1956, 1966, 1967) and Sternheimer and Peierls (1971) for many materials. The results were reported in terms of a useful approximation formula for 0. In the present work, we have systematically re-evaluated 0 using the I -values adopted in the present report and atomic binding energies from Appendix 1 of Carlson (1975) . The number of conduction electrons for metals and semi-conductors was taken to be equal to the lowest valence number. Compounds have been treated as insulators. For compounds, the sum with respect to n in the various equations was extended to include all atoms in the compound. Departures from simple Bragg additivity were taken into account by using the appropriate density and mean excitation energy for the compound. The direct numerical output ofthe calculations has been used rather than an analytical approximation formula when computing the stopping-power tables. 13 These values of 0 are listed in Tables 12.3 to 12.6. 13 Updated parameters for the approximation formula are given in Sternheimer et at. (1982, 1984) . Values of 0 for a few media, calculated by the method of Sternheimer described above, are shown in Fig. 6 .1. When expressed as functions of the particle kinetic energy in units of the rest mass, these results are applicable to any charged particle. Table 6 .1 gives illustrative results regarding the percent reduction of the electron collision stopping power due to the density effect. Figure 6 .2 shows the differences between the O-values of Inokuti and Smith (1982) and the corresponding Sternheimer values for aluminum, and Fig. 6 .3 shows the differences between the o-values of Ashley (1982b) and the corresponding Sternheimer values for water. In both cases, the differences are positive at some energies and negative at others. For aluminum, the absolute value of the difference is always smaller than about 0.04, and for water, it is always smaller than about 0.09. Figure 6 .4 shows the percent amount by which the electron collision stopping power is changed when the more exact density-effect corrections of Inokuti and Smith or of Ashley are replaced by the Sternheimer corrections. It can be seen that the absolute percent difference is smaller than 0.2% for aluminum and smaller than 0.5% for water. The very satisfactory agreement in the cases of aluminum and water gives one confidence that the results obtained with Sternheimer's method will be accurate in general,14 Graphite C H 2 0 (liquid) Au Air Xe T/MeV p = 1.70 g cm-3 p = 2.265 g em-3 p = 1.0 g em-3 p = 19.32 g em-3 p = 1.205 X 10-3 g em-3 p = 5.485 X 10-3 g em-3 
Complications for Inhomogeneous Media
The theory for the density effect is designed for media that are homogeneous and isotropic. In some cases of practical interest, these conditions are not met. An important case is that of graphite, a porous material consisting of somewhat loosely packed graphite crystallites arranged in a layered structure with a dielectric-response function that is a direction-dependent tensor (Raether, 1980) . The crystallite density is 2.265 g cm-3 , whereas the bulk density of polycrystalline Inokuti and Smith (1982) for aluminum and that of Ashley (1982b) for water are replaced by density-effect corrections calculated according to Sternheimer's method as discussed in Sections 6.2 and 6.3. graphite may range from 1.5 to 1.9 g cm-3 , depending on the method by which the graphite is manufactured. Typical densities for reactor-grade graphite are 1.7 to 1.8 g cm-3 • The porosity structure is complicated (Gmelin, 1968) , including "micropores" ranging in diameter from 2 to 60 nanometers, and "macropores" ranging in diameter up to 20 micrometers. It is not clear what density value should be used in a simple theory which neglects all these complications. In order to make possible interpolation with respect to density, we have included in Table 12 .3 a double set of results for graphite, calculated with assumed densities 1.7 g cm-3 and 2.265 g cm-3 • At energies above a few MeV, the use of the higher instead of the lower density value decreases the mass collision stopping power as much as 1%. The available density-effect theory provides no guidance as to which assumed density value would provide the best approximation. It appears better to use a value equal to, or close to, the bulk density than to use the maximum (crystallite) density.
Another case of interest is photographic emulsion. The standard emulsion considered here consists of low-Z gel (17.4% by weight, average density 1.29 g cm-3 ) and silver halides (82.6% by weight, average density 6.47 6.4 Complications for Inhomogeneous Media ... 35 g cm-3 ). Two extreme approaches can be considered: (a) The density effect can be calculated as if the emulsion were homogeneous, with the bulk density 3.185 g cm-3 ; this is what was done to produce the tabulated results. (b) The emulsion can be considered to be inhomogeneous, and the density effect can be calculated separately for the two components, gel and silver halides, with the proper density for each. The use of method (b) instead of (a) would lower the collision stopping power by 0.2% at 1 MeV, 0.4% at 10 MeV, 0.8% at 100 MeV, and 0.7% at 1000 MeV.
Similar considerations can also be applied to A-150 tissue-equivalent plastic which consists of an inhomogeneous mixture of polyethylene, nylon, carbon black and calcium fluoride (Smathers, et al., 1977) . In this case, the use of method (b) instead of (a) would lower the collision stopping power by no more than 0.1%.
Another small error arises from the fact that we treat the Shonka plastics (A-150, B-I00, C-552) as mixtures of non-conducting constituents whereas they actually contain conducting carbon black (up to 21 % by weight). If the carbon black were treated as a conductor, the collision stopping powers of the Shonka plastics would be lowered by less than 0.2%.
